ABSTRACT Objectives: To explore (1) the national trend in population-adjusted prescription rates for glaucoma and ocular hypertension (OHT) in England and (2) any geographical variation in glaucoma/OHT prescribing trends and its association with established risk factors for primary open-angle glaucoma (POAG) at the population level.
INTRODUCTION
Glaucoma, a group of eye conditions with a characteristic type of optic nerve damage (cupping) and visual field defects, accounted for around 8% of registered blindness in England and Wales in 2008, making it the second leading cause of certified visual loss after age-related macular degeneration in these countries. 1 Primary open-angle glaucoma (POAG), characterised by normal appearance of the iridocorneal angle, is the predominant form of glaucoma and accounts for around 74% of all glaucoma cases worldwide. 2 POAG as the proportion of all glaucoma cases is likely to be higher in England, where widespread cataract surgery has been associated with a dramatic decline in primary angle closure glaucoma (PACG), 3 the second major form of glaucoma. 2 Cataract surgery is thought to reduce the Strengths and limitations of this study ▪ Population-based data for the whole of England over a period of 4 years. ▪ Geographically linked prescription data covered almost 99% of all community glaucoma/ocular hypertension (OHT) prescriptions in public healthcare, allowing analysis of prescription data with relevant demographic and socioeconomic data on a population level. ▪ Prescription data were not linked to individual patient records, which precluded calculation of actual patient numbers and the distinction of prescriptions dispensed for glaucoma from those dispensed for OHT. ▪ Lack of data on glaucoma/OHT prescriptions in private medical care. ▪ Data only allowed comparison of regional differences in prescription rates between primary care trusts but not variation with each trust, with each trust covering a wide geographical area and a large population.
incidence of PACG by removing the lens in older individuals and thus preventing 'angle closure' due to progressive age-related lens thickening causing occlusion of the iridocorneal angle. 3 In absolute terms, POAG is estimated to affect at least 500 000 individuals in the UK. 4 Two developments in England in the past decade might have led to an increase in the number of people who receive treatment for POAG. First, an ageing population profile due to rising life expectancy in the UK would result in a proportion of the population at risk of POAG. 5 Denmark, a similarly developed country with an ageing population profile, was indeed found to have a rising prevalence of glaucoma in a recent study. 6 Second, the National Institute of Health and Care Excellence (NICE) published a set of clinical guidelines in April 2009 concerning the diagnosis and management of POAG and ocular hypertension (OHT) to address uncertainty and variation in clinical practice. 4 'OHT' is a term commonly used to describe a condition in which the intraocular pressure (IOP) is elevated above 21 mm Hg without clinical evidence of glaucomatous optic nerve damage or visual field deficits, 4 although a significant proportion of patients with OHT progress to develop POAG. 7 The NICE guidelines 4 recommended treatment of OHT in patients deemed at high risk of progression to POAG with IOP-lowering medications that are also used to treat POAG, as this approach has been shown to be cost-effective in reducing progression to POAG. 7 8 Since the introduction of the NICE guidelines, local increases in glaucoma referrals [9] [10] [11] and in glaucoma case detection have been reported. 10 11 It has also been observed that the annual total number of glaucoma/OHT prescriptions in England had increased by 67% between 2000 and 2012. 12 However, the changes in prescription rates relative to the underlying population, which would indicate any change in the population prevalence of treated glaucoma and OHT, have not been examined.
Any increase in rates of glaucoma/OHT prescriptions, however, might not be equally shared between the different regions in England. Malik et al 13 has shown a nearly fivefold variation in outpatient ophthalmology expenditure in the fiscal year 2009/2010 between different regions in England, even after adjusting for age, sex and socioeconomic deprivation. The rates of trabeculectomy, the mainstay of surgical treatment for POAG, were also shown to have widespread geographical variation.
14 It is not known whether any geographical variation in glaucoma/OHT treatment was associated with differences in populations at risk between these regions.
A few risk factors have been well established for POAG. There are likely genetic influences in the development of POAG, although twin studies show only a modest, albeit significant, inheritability index. 15 16 Family history is important as having an affected firstdegree relative increases the risk of developing POAG by 10 times. 15 POAG is more common in people of the West African Diaspora (WAD) including African Caribbean or British West Indian people and AfricanAmericans, compared with Europeans or Asians. 17 18 The association of gender with the risk of POAG has been controversial, 19 with conflicting results from different studies. Variation in study methods, small sample sizes and differences in the populations studied are likely to account for the inconsistent results seen. An extensive meta-analysis performed by Rudnicka et al 19 included 61 267 POAG cases and reported POAG to be around 1.4 times more common in men than that in women, which is consistent with previous prescribing data from the UK. 20 Most importantly, the incidence of POAG is known to rise with age. POAG is rare before the age of 40 19 21 22 (but more common in people of the WAD) and has an OR of around 2 for every increase of a decade in age from the age of 40, 19 with a mean age of onset of around 60 years of age. 21 22 The population aged 40 years and over can therefore be considered the primary population at risk.
The objectives of this study were to explore (1) the national trend in population-adjusted prescription rates for glaucoma and OHT in England and (2) any geographical variation in glaucoma/OHT prescribing trends and its association with established risk factors for POAG at the population level.
METHODS

Data collection
The National Health Service (NHS) in England, the largest single-payer publicly funded healthcare system in the world, was administered through 10 regional bodies called strategic health authorities (SHAs). SHAs were further subdivided into 151 local bodies called primary care trusts (PCTs) from October 2006 to March 2013. Each PCT responsible for a geographical area commissioned primary, community and secondary health services from providers, including hospitals. PCTs were collectively responsible for spending around 80% of the total NHS budget, accounting for a total expenditure of £164 billion in the financial years 2009/2010 and 2010/ 2011. 23 General population data in England were derived from population census data. In England, the population census is conducted every 10 years, with the most recent census being conducted in 2011. Data from the 2011 census for the English population aged ≥40, ≥60 years, the number of males and the number of people of WAD ethnicity were tabulated for England overall and for each PCT. Mid-year population estimates from the Office of National Statistics were obtained for England and for each PCT to account for the variation in population each year. The number of people of WAD ethnicity was tabulated by the summation of the population counts under the categories 'African', 'Caribbean', 'other black', 'mixed: white and black African' and 'mixed: white and black Caribbean' in the 2011 census. The measure of each demographic group per 100 000 population was obtained by dividing the total number in the group by the total population and multiplying by 100 000.
The total number of annual prescriptions for glaucoma or OHT dispensed in the community, including those prescribed in hospital and dispensed in the community, was obtained for the whole of England for each of the financial years between 2008/2009 and 2012/ 2013 from the Health and Social Care Information Centre website. 24 Separate annual data on prescriptions for the treatment of glaucoma or OHT, based on the reimbursement to dispensers for supplying products on prescription, were obtained for each PCT for the same period. 24 The PCT data covered prescriptions dispensed in the community in the UK that were prescribed by general practitioners, nurses, pharmacists and other prescribers in the community in England. Prescriptions written in hospitals/clinics that were dispensed in the community as well as prescriptions dispensed in hospitals and private prescriptions were not included in the PCT data.
To explore whether the change in glaucoma/OHT prescription rates was associated with socioeconomic factors, the 2010 Index of Multiple Deprivation (IMD) score 25 was collected for each PCT. The IMD is a standardised index used in England as a measure of socioeconomic deprivation, and is constructed from seven different domains with the following weightage: (1) income-22.5%; (2) employment-22.5%; (3) health and disability-13.5%; (4) education, skills and training -13.5%; (5) barriers to housing and services-9.3%; (6) crime-9.3%; (7) living environment-9.3%. In general, the higher the IMD or domain score, the more deprived an area is. 25 In particular, we investigated specific domain scores of interest including income, employment, health and disability, education, skills and training, as well as barriers to housing and services.
To investigate if overall healthcare funding could account for differences in glaucoma/OHT prescribing rates, total funding allocation and funding allocation per capita for each PCT were obtained for the financial year 2011/2012 from the Department of Health.
Calculation of prescription rates
The prescription rate was adjusted for the underlying population by dividing the number of prescriptions by the corresponding population estimate in the same year, and multiplying by 100 000 to give a prescription rate per 100 000 population. For the purposes of analysis in this study, the prescription rate per 100 000 of population aged ≥40 years was used, as this age group is considered the primary population at risk. The change in number of PCT prescriptions was calculated by subtracting the prescription rate in 2008/2009 from that in 2012/2013. The annual increment in prescription rate, which would indicate the number of new cases treated for glaucoma or OHT each year adjusted for the underlying population at risk, was calculated by subtracting the prescription rate in 1 year from the preceding year.
Statistical analysis
PCTs were anonymised by converting PCT names into serial numbers before data analysis. Glaucoma/OHT prescription rates and the change in glaucoma/OHT prescription rates of PCTs were separated into quintiles and plotted on choropleth maps of England PCT boundaries using the Quantum Geographical Information System (QGIS) V.2.4 for Macintosh OS. Statistical analyses were conducted using SPSS Statistics software V.21.0 for Macintosh OS. Any missing data were excluded from analysis by pairwise deletion. Pairwise correlations of continuous variables were carried out using Spearman's rank correlation. Correlation between multiple continuous variables and prescription rates were examined using multivariable linear regression. Multivariable linear regression was conducted in a forward conditional fashion, and variables fitted in the final model were examined for collinearity using their tolerance and variance inflation factor (VIF) values. Tolerance values of >0.1 and VIF values of <10 were taken to indicate the non-redundancy of variables and the consequent stability of the model(s). p Values of <0.05 were considered statistically significant.
RESULTS
There were no missing data. The total population in England increased from 49.1 million in the 2001 census to 53.0 million in the 2011 census (table 1). In the same period, the population aged ≥40 years rose from 22.9 to 26.0 million (an increase from 46.6% to 49.1% of total population), while the population aged ≥60 years rose 10.2-11.8 million (an increase from 20.1% to 22.3% of the total population). The population of WAD ethnicity rose from 1.4 to 2.4 million (an increase from 2.9% to 4.5% of total population).
The total number of prescription items for glaucoma/ OHT in England increased from 7.03 million items at a net cost of £97. figure 3 ) with a nearly 3fold variation between the top and bottom quintiles. The change in prescription items per 100 000 of population aged ≥40 years showed even more pronounced regional differences with a nearly tenfold variation between the top and bottom quintiles (figure 4).
The prescription rate per 100 000 population aged ≥40 years in 2008/2009 and 2012/2013 as well as the change in prescription rates between these 2 years for each PCT were separately correlated to the population aged ≥60 years per 100 000 aged ≥40 years, the number of males per 100 000 population, the number people of WAD ethnicity per 100 000 population, IMD 2010 score and its domains of interest and the total PCT fund allocation per capita using forward multivariable linear regression models. Prescriptions per 100 000 population aged ≥40 years in 2008/2009 (table 2) were positively correlated with the population aged ≥60 years per 100 000 aged ≥40 years ( p<0.001, β=0.776), IMD 2010 income deprivation score ( p=0.013, β=0.186), WAD ethnicity per 100 000 population ( p=0.006, β=0.349) and males per 100 000 population ( p=0.023, β=0.197). Prescriptions per 100 000 population aged ≥40 years in 2012/2013 (table 3) were positively correlated with the population aged ≥60 years per 100 000 aged ≥40 years ( p<0.001, β=0.842), WAD ethnicity per 100 000 population ( p=0.003, β=0.403) and males per 10 000 population ( p=0.010, β=0.184). The change in prescriptions per 100 000 population aged ≥40 years between 2008/ 2009 and 2012/2013 (table 4) was positively correlated with the population aged ≥60 years per 100 000 aged ≥40 years ( p=0.003, β=0.234), and negatively correlated with the IMD 2010 income deprivation score ( p=0.035, β=−0.168). All tolerance values were above 0.1 and VIF values were <10, indicating that the models were stable. Univariable linear regression plots of the change in prescriptions per 100 000 population aged ≥40 years between 2008/2009 and 2012/2013 against the population aged ≥60 years per 100 000 aged ≥40 years (figure 5A) and the IMD 2010 income deprivation score (figure 5B) are shown. There was no correlation between the change in prescription items per 100 000 of 
DISCUSSION
In this study, we showed that the number of prescriptions for glaucoma/OHT medications had increased almost universally in England between 2008 and 2012 even after accounting for the increase in the primary population at risk of POAG (age ≥40 years). Moreover, the year-on-year increase in annual increment of prescription rates adjusted for the population at risk between 2008 and 2012 suggests an increase in the annual incidence of new patients being treated for glaucoma or OHT in these years. Assuming a constant population risk, this increase would suggest an increase in detection, rather than the true incidence, of predominantly POAG and OHT cases at risk of POAG. We also showed widespread geographical variation in population-adjusted glaucoma/OHT prescription rates which could be partially accounted for by risk factors for POAG, although the change in population-adjusted glaucoma/OHT prescription rates between 2008 and 2012 was only modestly correlated with the same risk factors.
The rise in the total number of glaucoma/OHT prescriptions in England over the past decade has been well documented. 12 There were likely multiple factors underlying the change in glaucoma/OHT prescribing in such a large population, such as an ageing population, lower IOP targets and polypharmacy. An ageing population due to rising life expectancy, as evidenced by an increase in the population aged ≥40 years, was likely to drive a long-term increase in the prevalence of glaucoma and OHT. However, assuming a constant population at risk would mean that the population-adjusted incidence of new glaucoma/OHT cases should stay roughly constant over the span of a few years, unless there was a significant change in practice. Owing to our study period and the temporal trends in annual population-adjusted prescription rates as discussed above, we could not exclude the possible impact of the NICE 2009 guidelines on glaucoma/OHT treatment. The NICE guidelines were the first national guidelines in England on specifying the threshold, timing and mode of treatment in glaucoma and OHT. Following the publication of the NICE guidelines, previous studies have demonstrated an increase in the number of local glaucoma referrals. [9] [10] [11] Rather than purely due to a direct impact of the NICE guidelines themselves, this increase might be partly due to the recommendation by the Association of Optometrists (AOP) in response to the NICE guidelines that all patients with a single measurement of IOP over 21 mm Hg should be referred to an ophthalmologist regardless of the type of tonometer used for measurement. 26 The usefulness of this recommendation has been questioned, 9 as it has led to an increased number of referrals for an isolated finding of an IOP >21 mm Hg since 2009 associated with a higher number of false positives. 9 10 Subsequent studies have found a small increase in the absolute number of detected glaucoma cases at the expense of a fall in case detection rate. 10 11 Our finding of an increase in the annual increment of prescription rates would suggest that there was a rise in the annual number of detected glaucoma and OHT cases across England in the study period, although our data could not examine the false-positive rate.
Overall, there was a threefold variation in population-adjusted glaucoma/OHT prescription rates across different PCTs. In multivariable linear regression models, up to a quarter of this variation could be accounted for by known risk factors for POAG in 2008/ 2009 and 2012/2013. These factors were namely age, WAD ethnicity and male gender. Unsurprisingly, age, as measured by proportion aged ≥60 years per 100 000 population aged ≥40 years, accounted for the most variation in these models-14.3% and 19.0% of the variation between PCTs in 2008/2009 and 2012/2013, respectively. The rise in contribution of age to the variation between PCTs during the study period was also reflected in the positive correlation of age with the change in prescription rates between 2008/2009 and 2012/2013. The positive correlation of male gender with glaucoma/OHT prescription rates is consistent with a previous extensive study on glaucoma prescribing in England 20 but is contrary to the findings in a recent nationwide study of glaucoma prevalence and treatment in Denmark. 6 The discrepancy in the association of gender in this instance is likely to be due to differences in the underlying population.
The possible reasons for the small positive correlation between income deprivation and population-adjusted glaucoma/OHT prescription rates between PCTs in 2008/2009 as well as the subsequent small negative correlation between income deprivation and the change in prescription rates between 2008/2009 and 2012/2013 remain unclear. Socioeconomic deprivation has been associated with late presentation to clinical services and visual loss in patients with glaucoma, [27] [28] [29] [30] but the impact of these findings on overall prescription rates is unknown.
Across England, there was a nearly 10-fold variation in the change in glaucoma/OHT prescriptions between Compared with the variation in overall population-adjusted prescription rates, only a small fraction (around 8%) of the variation in this change in prescription rates could be explained by the variables examined in this study, indicating that demographic factors were not the predominant drivers behind the change in prescription rates across PCTs in our study period. This supports the notion that changes in practice were more likely responsible for the change in prescription rates.
Other factors which might have contributed further to variation in prescription rates as well as the change in prescription rates are more likely to relate to actual individual risk, such as family history and genetics, which are difficult to assess at a population level. Variation in practices of eye-care professionals between regions were also likely to have contributed to regional variations in prescriptions.
A major limitation of this study was that data on prescription items were not linked to individual patient records, which precluded the possibility of calculating the actual number of treated patients with glaucoma/ OHT. As such, we were unable to exclude one-time prescriptions of IOP-lowering medications that could follow certain ocular surgeries (eg, cataract surgery, retina detachment surgery), although the contribution of such prescriptions to the total number of prescriptions was likely to be small. We also could not distinguish prescription items dispensed for glaucoma from those dispensed for OHT since the same medications are prescribed for both conditions. Another limitation was the lack of data on glaucoma/OHT prescriptions in private medical care. Having private prescription data would allow the elucidation of the actual burden of medical treatment for glaucoma/OHT in England. Finally, our study method was designed to examine regional differences in prescription rates between PCTs, but not variation within each PCT, which had a median population of over 200 000 in the 2011 census.
In conclusion, our study showed that population-adjusted glaucoma/OHT prescription rates in England were increasing. We also showed that although geographical variation in overall prescription rates was partially correlated with known demographic risk factors for POAG, the change in prescription rates in the study period was only modestly correlated with the same demographic risk factors. With an ageing population profile, the increasing healthcare burden of glaucoma is a formidable one. The total cost of medical treatment currently stands at £105.2 million in the financial year 2012/2013-an increase of £7.6 million since 2008/2009. The total cost of medical treatment would have been higher except for a decrease in the unit cost of the most commonly prescribed glaucoma medication, latanoprost, due to the expiry of its patent in January 2012. 12 The actual costs of managing glaucoma in the National Health System, however, are likely to be much higher with the increased number of referrals, monitoring for an increased number of patients, and surgery for selected patients, 31 32 which have not been calculated in this study. It is likely that variations in practice exist, which may impede the efficient allocation of resources for glaucoma treatment. Further investigation into such variation in practice is warranted, such that practice can be standardised to deliver uniform and equitable healthcare for all patients with glaucoma. 
